Abstract. The mechanical behavior of three styrenic thermoplastic block copolymer elastomers with applied surgical sutures was studied by uniaxial tensile testing. The materials exhibited oriented cylindrical microstructure. Distinct macroscopic deformation mechanisms have been observed upon stretching of samples with vertical and horizontal orientation. Deformation progressed along the axis of the suture in samples with parallel orientation (P), while it in case of normal orientation (N) the whole sample responded to the applied force. Also the analysis of the stress−strain curves showed a significant difference between samples P and N. Greater stress at break was observed for samples P, while samples N showed the capability to tolerate higher strain. The influence of morphology on the tear-out shape has been also observed. The thread made a vertical tear out in samples P while for samples N ripping off the bottom was observed.
Introduction
Cardiac valves, whether natural structures or biological or mechanical prostheses, are subjected to mechanical stress exerted by the blood flow. The material used for heart valve prosthesis must demonstrate a capacity to support this stress. The new generation bileaflet mechanical prostheses can easily withstand the stress, but their drawback is a risk of bleeding and thromboembolic complications [1] [2] [3] . Tissue based bioprostheses are less durable and tissue failure as well as calcification are their major weaknesses [4, 5] . Thus producing a reliable cardiac prosthesis has led many authors to concentrate their studies on the development of biocompatible soft polymeric materials [6] [7] [8] [9] [10] [11] [12] with potential to overcome the limitations of these existing clinical prostheses. As natural heart valve tissue exhibits anisotropic fibrous texture, in which collagen bundles reinforce the structure, it is possible that materials mimicking such natural structural anisotropy will resist the stress better than isotropic ones.
Block copolymers can form various morphologies as a result of microphase separation. Elastomers with a hard cylindrical segment exhibit a fibrous microstructure on the scale of nanometers. When this microstructure is oriented the strength of these materials is significantly different than for isotropic materials [13, 14] . To the group of block copolymers demonstrating anisotropic mechanical properties belong, among others, block copolymers having a polystyrene hard (cylindrical) segment and a rubbery matrix, based on either isoprene/butadiene or isobutylene/ethylene-butylene. The materials behave like vulcanized rubbers at room temperature, and yet can be processed as thermoplastics at elevated temperatures. High tensile strength, high elongation and rapid and almost complete recovery after elongation [15] in addition to good biocompatibility [16, 17] make them promising materials for cardiac grafts and prostheses.
In a commercial prosthesis different types of materials are employed, for example biological tissue, textile sewing ring, polymers, sutures joining the tissue to a stent; therefore successful functioning of the prosthesis depends on the reliability of all the components. When two materials of different elasticity are combined, the applied load generates cutting stress, damaging the structure. The greater the difference in the elastic behaviours of these two materials, the higher is the stress. A polymeric cardiac prosthesis can be moulded in one piece with integrated leaflets, stent and sewing ring made from the same material and chemically bonded together. Such an approach can limit the risk of component integrity failure. Nonetheless the prosthesis must be placed in the cardiac position by surgical suturing. Hence examination of the strength of sutured materials is essential for the evaluation of the reliability of such prostheses.
In this paper we report uniaxial tensile tests of three polymeric materials with applied surgical stitches. The materials exhibited aligned cylindrical microstructure. The tear-out characteristic and the hole formation were examined as a function of direction of microstructural alignment. The literature is mainly focused on examination of mechanical behaviour of sutured biological materials for cardiac bioprostheses, with leading contributions by Garcia Paez at al. [18] [19] [20] [21] [22] [23] [24] . There are no reports on tensile testing of sutured synthetic materials for soft polymeric cardiac prosthesis. Owing to a growing interest in the application of these new biomaterials there is a clear need to investigate the suture-material interaction upon load.
Experimental

Materials
Three thermoplastic styrenic block copolymers were examined. All are linear block copolymers exhibiting cylindrical microstructure. Basic molecular properties of these polymers are presented in Table 1. SI-BS19 and SIS were manufactured by Kraton Polymers (commercial names D1171 PT and D1164P), while SIBS30 was obtained from Innovia LLC. 
Sample preparation and microstructure characterization
Prior to tests, materials' microstructure has been oriented as described previously [13, 14] . To measure the microstructural alignment Small Angle X-ray Scattering (SAXS) patterns were recorded using a Bruker Nanostar analytical X-ray system operating at 40 kV and 35 mA. The system was collimated by cross-coupled mirrors and pinhole optics. Specimens were placed 106 mm from the Nanostar 2-D detector.
The studied block copolymers exhibited cylindrical morphology, where styrene rich cylinders were distributed in an isoprene, butadiene or isobutylene soft matrix. Figure 1 presents SAXS images and integrated SAXS profiles for the examined block copolymers. The basal spacing of the domains was 27 nm for SI−BS19, 26 nm for SIS30 and 37 nm for SIBS30. Two arrangements of orientation with respect to stretching direction were considered as shown in Figure 2 . Sample P exhibited vertical orientation which was parallel to direction of stretching, while sample N showed horizontal alignment − normal to stretching direction. A commercially available thread, TiCron (non-absorbable braided polyester coated with silicone) was applied centrally 2 mm from the bottom of the sample. Samples were then clamped for stretching; thus the upper clamp held the sample and the lower clamp held the stitch. The tested samples after clamping were 10 mm long, 5 mm wide 0.35 mm thick. Stretching was performed at the rate 1 mm s -1 up to rupture of the materials while force in tension was measured using a Texture Analyzer TA-TX2 from Stable Micro System. A Qimaging QICam digital camera was used to record deformation of the polymer films.
Results and discussion
Deformation mechanism as a function of microstructural alignment.
During stretching, samples with two orthogonal directions of microstructural alignment exhibited distinct deformation mechanisms. Figure 3 shows images of deformed samples at various elongations that correspond to low, medium and near to rupture strain. The parallel orientation (sample P) caused significant elongation of the lower part of the sample below the thread. Moreover the macroscopic deformation propagated vertically along the line indicated by the position of the suture. Since the highest stress accumulated along the suture it eventually created vertical tearing out (see Figure 4) . Conversely, for a sample with microstructure oriented normal to the stretching direction (sample N) the whole sample responded to the applied force and the deformation propagated uniformly within the sample. Only the lower part of the sample behaved differently being compressed by the thread upon elongation. Finally the suture caused tearing off the bottom part of the sample as shown in Figure 4 . These two distinct deformation mechanisms for samples P and N were observed for all three materials. In the case of the parallel orientation, the thread generated mostly local microscopic deformation of the sample. The applied force was mainly utilized for breaking of the styrenic cylinders. In the case of normal orientation the horizontally aligned cylinders acted as a scaffold for the rubber distributing the applied force within the whole sample. The force caused mostly elongation of the rubbery matrix.
Mechanical tests
The tensile tests were performed until rupture for 90 specimens: 15 measurements for each material and orientation were taken for statistical calculations. The example of stress-strain curves for various materials and microstructural orientation is shown in Figure 5 . The plotted stress is an engineering stress (force divided by the initial cross sectional area of the sample) and strain ε =ΔL/L 0 , where ΔL is the increase of sample length and L 0 is the initial sample length. For all materials deformation of samples P was associated with higher stress than for samples N. Moreover polymers having larger styrene fraction like SIS30 and SIBS30 had mean rupture stress of 5.0 MPa and 4.1 MPa respectively ( Figure  6 ) which was about twice as high as the 2.2 MPa measured for the lower styrene contents polymer (SI−BS19). On the other hand samples N were capable to greater elongation before rupture compared to samples P. The largest mean breaking strain ε =6.6 was observed for the polymer with the lowest styrene fraction (SI−BS19).
Significant differences between the polymers were also observed in their tear-out behavior. Considering the mean stress at break and mean strain at break, the materials can be categorized into 3 groups as shown in Figure 6 : SI−BS19 as a low strength−high elastic polymer, SIBS30 representing a high strength−low elasticity material, and SIS30 a high strength−high elasticity material. Such measurements are particularly important for applications where a combination of elasticity and strength determine the final performance of the device. Here we demonstrated that by engineering microstructural alignment both elasticity and strength can be tailored to meet individual requirements. 
Summary
Styrenic thermoplastic block copolymer elastomers having cylindrical morphology behave as fibre reinforced materials, similar to the native heart valve tissue. Alignment of the microstructure can further reinforce the materials. Additionally, the possibility of hot moulding of the whole cardiac prosthesis from the same material makes them very attractive for the application.
Here we reported tensile tests of sutured styrenic block copolymers having oriented microstructure. It has been shown that the deformation and tear out mechanisms are both functions of alignment direction. The influence of morphology on the breaking strain and breaking stress has also been reported. These findings are especially important for design and manufacture of sewing rings or stents for cardiac prosthesis.
Given that the blood pressure generates working stress in cardiac valve up to 0.25 MPa during the systolic peak [25] , even a single stitch could resist the stress and since twenty or so stitches are used to sew the prosthesis the materials seem to be very safe. However to complement this study the effect of suture density on materials' failure as well as various sewing angles should also be investigated.
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